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ABSTRACT
The Multi-Application Survivable Tether (MAST) Experiment utilizes three tethered picosatellites to study the
survivability of space tether structures and materials in the low Earth orbit environment. The MAST picosatellites
initially deployed as a single body from a CubeSat PPOD deployer were designed to subsequently deploy a 1,000
meter long multi-line "Hoytether" between two of the picosatellites. The third picosatellite will then slowly crawl
up and down the tether photographing it and transmitting the pictures to a ground station. Analysis of these
photographs will provide data on how the micrometeoroid and orbital debris environment damage the tether
structure. Additionally, each of the three picosatellites incorporates a GPS receiver whose measurements will
provide data on the deployment and dynamics of the tethered formation of picosatellites. In this paper, we will
summarize the final design and initial flight experiment results of the Multi-Application Survivable Tether (MAST)
experiment, which was launched on 17 April 2007 on a Dnepr rocket as coordinated by the California Polytechnic
University.
INTRODUCTION

Experiment Objectives and Constraints

Space tethers have the potential to provide missionenabling capabilities for a number of applications,
including propellantless propulsion,1 formation flying, 2
and momentum-exchange transportation. 3,4,5 Currently,
a primary impediment to the development of
operational tether systems is the paucity of data on the
survivability of space tether structures in the
micrometeoroid and orbital debris (M/OD), atomic
oxygen (AO), and radiation environments in Earth
orbit. The available data on the survival of tethers in the
space environment is limited to a few inferred data
points from the TiPS, SEDS 1&2, and TSS
experiments, which have experienced tether lifetimes
ranging from 4 days in the SEDS-2 experiment up to 10
years for the TiPS tether. In order to address this issue,
Tethers Unlimited, Inc. (TUI), in collaboration with the
Stanford University Space Systems Development
Laboratory (SSDL), developed the Multi-Application
Survivable Tether (MAST) Experiment.6 The MAST
experiment consists of a three picosatellite designed to
be launched at low cost through the University CubeSat
program run by CalPoly. The goal of the MAST
mission is to obtain on-orbit data on tether survivability
and tether dynamics within a very low system mass and
program cost.

The primary objective of the MAST experiment is to
obtain in-situ data on the degradation of tether
structures by the micrometeoroid and orbital debris
(M/OD) environment in low Earth orbit.
The
secondary objective is to obtain data on the dynamics of
tethered spacecraft to provide a benchmark for tether
simulation tool validation.
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The mission was designed and implemented as a lowcost, class-D experiment, with use of COTS
components wherever possible. Due to the extreme
mass and volume limitations of the CubeSat payload
envelope, all systems were single-string. Testing of
components and assembled systems was performed to
verify basic functionality and to qualify the payload
according to the requirements of the CubeSat PPOD
deployer specifications.
Development of the
technologies for the mission was accomplished under
funding from NASA’s STTR program, with the design
of the spacecraft structures and preliminary design of
the C&DH avionics performed by students at SSDL,
and development of the tether, tether deployer, and the
tether inspection system performed by TUI.
Subsequent to the STTR effort, TUI developed the
flight avionics and software and then built and qualified
the flight units.
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Tether Survivability in Space
When deployed in orbit, a space tether structure will
experience a flux of impacts by micrometeorites and
orbital debris. Because these M/OD particles impact
with such high relative velocities, they can cut through
tether lines that are several times larger than the
characteristic size of the particles. This ratio of the size
of the tether line an impactor will cut to the
characteristic size of the particle is called the lethality
coefficient, K. The average value of K is uncertain, but
is commonly estimated to lie between 3 and 5. If the
tether consists of a single line, a cut anywhere along the
tether’s length will sever the tether, and as a result the
probability of survival of the single-line tether drops
exponentially with time, as shown by the red line in
Figure 1. If the tether, however, is constructed with
multiple lines, separated spatially and periodically
interconnected to provide redundant paths for carrying
the tether tension, then the tether structure can
potentially suffer many M/OD impacts that sever
individual line segments while still providing a
continuous path for supporting tensile loads. These
redundant load-bearing paths can enable a multi-line
tether structure to survive the M/OD environment for
long durations. 7 Figure 1 shows the predicted survival
probability for the 1,000-meter long tether structure
planned to be deployed by the MAST experiment,
calculated using M/OD fluxes predicted by the
ORDEM2K Model and assuming a lethality coefficient
of K=5. The tether is expected to have a 99.75%
probability of survival for the planned 6-month
operational period of the experiment, and a 96.5%
probability of remaining intact until the system reenters the atmosphere due to atmospheric drag.

Figure 1. Survivability of the MAST tether with
respect to impacts by both M/OD and tracked objects,
compared to a single-line tether of equal mass.

Figure 2. Total cumulative number of cuts of
individual lines in the tether expected to be observed if
the ‘Gadget’ picosatellite translates continually up and
down the tether, taking 14 days to go from one end to
the other.

The MAST experiment is intended to verify the
survivability of such multi-line tether structures by
obtaining in-situ observations of the rate at which
M/OD impacts cut segments of a tether deployed in
LEO. The experiment is designed to do so by having
one of the three picosatellites crawl slowly along the
tether and take photographs of the tether. These
photographs are to be transmitted to the ground and
inspected, and the number of cuts of individual tether
lines will be recorded over time. Figure 2 shows the
cumulative number of cuts of individual lines in the
tether as predicted to be observed by the inspection system.
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RESULTS AND DISCUSSION
System Design
A functional block diagram of the MAST experiment
configuration is shown in Figure 3. The experiment
consists of three picosatellites sized to fit together
inside the 10x10x30 cm volume and 3 kg mass
allocations of the CalPoly CubeSat PPOD deployer.
All three satellites share identical avionics consisting of
a custom C&DH board, radio, and GPS unit and
operate using identical software with their individual
functions achieved through the loading of different
command tables. This common architecture greatly
simplified the development, manufacturing and testing
processes of the MAST experiment.
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within this skirt area to actuate the ejection of the tether
deployer picosatellite.
Tether Endmass Picosat (“Ralph”)
The smallest picosatellite, nicknamed “Ralph”, serves
primarily as an endmass for the tether. As its sizing
permitted the mounting of solar cells on only one of the
spacecraft’s faces, its operations will be limited by the
lifetime of its batteries to one or two days at most. The
integrated avionics stack will measure spacecraft and
tether dynamics as long as power permits.
Inspection Subsystem
Compared to other types of telemetry data, images are
inherently very large. This makes them difficult to
transmit to the ground because they require a very high
bandwidth communications link—something not easily
achieved on a picosatellite. In order to minimize the
size of each image file, the tether segment is imaged
within a ‘darkroom’ enclosure in the interior of the
Gadget spacecraft to minimize extraneous data
generated by the background in the image. This
enclosure was coated internally with a ‘Lockheed
Black’ treatment to provide a uniform, very black
background for the tether. This very black background
minimizes the size of the tether image after JPEG
compression. To help generate the best image with the
smallest JPEG size, illumination was controlled through
independent red, green, blue (RBG) and while pulsewidth modulated (PWM) light-emitting diodes (LEDs).
Figure 3. Functional Block Diagram of the MAST
experiment.

In addition to minimizing the size of the compressed
images, we also attempted to maximize the camera’s
field of view. A larger field of view allows the camera
to image more of the tether in a single shot. This in turn
decreases the total number of images required to image
the entire length of tether. To maximize the camera’s
field of view, we removed the stock lens and replaced it
with a wide-angle, “fish-eye” lens. This wide-angle lens
allowed us to capture about 45 mm of tether in a single
shot.

Tether Deployer Picosat (“Ted”)
The tether deployer picosatellite, called “Ted”, contains
a tether spool with shroud, upon which is wound the
1,000 meter long tether. A camera is integrated into
Ted, facing back along the tether. Ted also contains the
release mechanism that upon command or watchdog
timer expiration cuts the restraint line to initiate
picosatellite separation and tether deployment.

The camera selected for imaging the tether is a
miniature VGA (640x480) camera with onboard JPEG
compression. It features a basic RS-232 interface and
the ability to adjust the resolution of the image. While
640x480 produces a very nice image of the tether, it
was found that the resulting image size was far too
large to fit within the limited communications
bandwidth. As such, we decided to use a resolution of
160x120 that produces a compressed tether image of
about 900 bytes in size.

Tether Inspector Picosat (“Gadget”)
The tether inspection picosatellite, nicknamed
“Gadget”, contains a COTS camera mounted internally
with a view into a dark room enclosure. The tether line
feeds through this darkroom, and pinch-rollers on either
end of the enclosure can pull the tether through the
satellite. Due to the power requirements to accomplish
the crawling maneuver, Gadget has a ‘skirt’ of external
structure to support additional solar cell area. This skirt
fits over a portion of the tether deployer picosatellite
when the satellites are stacked for integration into the
PPOD deployer. A spring-activated pusher-plate slides
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The acquisition of 160x120 images was determined to
be sufficient to detect abnormalities and defects in the
imaged tether segments. As the crawler mechanism
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keeps track of Gadget’s location on the tether, the exact
location of the abnormality is known. After the images
have been examined on the ground, the operators can
program Gadget to further image that location of the
abnormality. Higher resolution images of the defect
can be taken later as the crawler passes over the desired
segment again.

separation/deployment test. This testing demonstrated
the separation and stability of the picosatellite during
tether deployment.

Restraint and Separation Method
Prior to separation, a high-strength braided line that
wraps around the three satellites was used to hold the
three picosatellites together. This line feeds through a
pair of small holes on the outer face of the Ted
picosatellite, where it crosses over a hot-wire actuator.
Separation of the picosatellites is accomplished by
energizing this hot-wire, which melts the braided line
and allows the pusher plate within Gadget to eject Ted.
The springs in the ejection system are sized to push Ted
away at a relative velocity of 0.9 meters per second.
This velocity was chosen to target a deployment of
most, but not all, of the 1,000 meter tether, so that the
drag of the tether exiting the deployer would slow
Ted’s relative motion and halt deployment gradually
prior to Ted’s reaching the end of the tether, preventing
Ted from hitting the end of the tether and bouncing
back towards Gadget.

Figure 5. Testing of the MAST deployer in
microgravity environment on the Zero-G airplane.
COMMUNICATIONS ARCHITECTURE
Because program budget and mass, power, and volume
allocations precluded the incorporation of an automated
system for locating cuts on the tether, the primary data
set for evaluation of survivability of the tether in the
space environment will be photographs of the tether
taken by Gadget as it crawls along the tether.
Transmitting these images to the ground from a lowpower picosatellite system presents a tremendous
challenge for the communications system. With Gadget
crawling from one end of the tether to the other in
fourteen days photographing the entire tether as it goes,
it will acquire approximately 1700 images per day. At
a full resolution of 640x480 pixels, this would represent
over 25 MB of data per day. In order to make
transmitting such a large number of images to the
ground station feasible, we have had to take measures
to drastically limit the size of each image file as well as
implement a communications architecture capable of
supporting very high data rates within the very tight
power, mass, and volume limitations of the picosatellite
platform. Our efforts to reduce the image size and
maximize the camera’s field of view produced tether
images of approximately 900 bytes in size at a
resolution of 160x120. Given the 1700 images per day,
900 bytes per image require an average daily data rate
of 1.5 Mbytes. This data rate was within reach even
with only one communication ground station.

Tether
The tether consists of three lines, each of which is a
braid of 3 yarns of 278 dTex Zylon fiber. These three
braids are interbraided every 10 centimeters in the
“Hoytether”
pattern
to
provide
load-bearing
redundancy. Upon deployment, the lines will separate
to a width of approximately 2 centimeters. Prior to
braiding, the Zylon yarn was treated with a thin coating
of Triton Oxygen Resistant (TOR) polymer to pro-vide
protection from atomic oxygen and ultraviolet light.
This coating increased the tether mass by just 2%. The
total mass of the tether was 0.25 kg, giving the tether a
lineal density of just 0.25 g/m.
Deployment Testing
Because the tether deployment in the MAST
experiment was to be accomplished using a very
different method than has been used in prior space
tether missions, testing of the separation and initial
tether deployment was performed in a microgravity
environment on the commercial Zero-G aircraft. Figure
4 shows several frames from a movie taken of the

Figure 4. Photograph of an approximately 1 meter segment of MAST Hoytether.
Voronka, et al.
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Because of the small area available for body-mounted
solar cells on the Gadget picosatellite, the satellite’s
average power consumption is limited further limiting
transmission capability is limited to a maximum of 1W
of transmit power during passes over the ground
station. To enable the high bandwidth communications
required for this mission, we selected the highly
integrated Microhard MHX-2400 2.4 GHz radio. The
MHX-2400 is a frequency hopping, spread-spectrum
modem with an impressive list of features including
forward error correction, fully asynchronous RS-232
interface,
and
a
point-to-multipoint
network
architecture. The antenna used is a quarter-wave
monopole thin metal strip antenna. In order to close the
link with the picosatellite, a relatively large antenna
dish is required. SRI, International has made available
to us the 18m parabolic mesh dish that they operate at
the Stanford Dish Range. This dish was recently
retrofitted with a 10-m solid surface to enable operation
in the S-Band frequency range.
With this 1-W, 2.4 GHz radio and the 10-m parabolic
dish at the ground station, we estimated a maximum
theoretical bandwidth of 115 kbps. Laboratory testing
prior to launch indicated that the S-band noise levels
near the SRI dish would limit likely true throughputs to
approximately 20 kbps. The predicted link margin,
however, was less than 10 dB, which made establishing
reliable communications with the picosatellite a
significant risk.

Figure 7. The MAST picosatellites stacked for
integration into the PPOD deployer.

FLIGHT HARDWARE
The flight models of the three picosatellites are shown
in Figure 5. Figure 6 shows the three picosats stacked
and bound together with the restraint line. Figure 7
shows the picosatellites integrated into the PPOD
deployer.
Figure 8. The MAST picosatellites integrated into the

Voronka, et al.
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PPOD deployer.

hibernation, its battery would not be able to support
radio communications.

PRELIMINARY MISSION RESULTS

Communications Architecture Performance

Launch and Satellite Status

Each of the three MAST pico-satellites is outfitted with
a Microhard MHX-2400, a heavily integrated 2.4 GHz
frequency-hopping spread-spectrum modem. This
particular choice of radio requires an identical, groundbased MHX-2400 configured as a master to
communicate with the three slave radios on orbit. For
the MAST experiment, this network of radios is
configured in a master point-to-multipoint mode
meaning multiple slave satellites can communicate
simultaneously. Once communication has been
established between a master and slave and
synchronization achieved, the radios represent a
transparent RS-232 link between the satellite and the
ground station. While the MHX-2400 has numerous
configuration options, only a few are pertinent to the
MAST experiment. Most importantly, the non-trivial
latency between the satellite and ground station means
that a long hopping period is required for the slave to
synchronize with the master, which in turn reduces
communications throughput.

The MAST experiment was delivered into LEO on 17
April 2007 aboard a Dnepr rocket launched out of
Baikonur Cosmodrome, Kazakhstan. During the first
three days after launch, the SRI dish was reserved for
the operations of Aerospace Corp.’s AeroCube
picosatellite, so we were unable to attempt contact
during that period. On our first opportunity late on 19
April, we established contact with the Gadget
picosatellite, which was functioning well but in a
critical battery state because it was programmed to turn
on its radio frequently in order to ensure contact could
be made even if its programmed ephemera were incorrect. Over the next two weeks, the ephemeri were
updated, and Gadget’s operations modified to reduce its
unnecessary power consumption, which succeeded in
raising its average battery charge levels to 80% of
capacity. As of this writing, Gadget’s GPS unit had
received an almanac from the GPS satellites and had
acquired lock on up to 7 GPS satellites at a time, but
has not yet locked on a trajectory solution.

The antennas on each MAST pico-satellite are omnidirectional monopoles mounted on the side of the
spacecraft. SRI’s 10-meter parabolic dish, the same
dish that GeneSat-1 successfully used, is currently
being used as the primary ground station. Pre-launch
analyses of the link budgets between these antennas
estimated that acquisition of signal under the best
circumstances would be difficult with a total link
budget of about 10 dB. Due to power system constraints
and the significant load placed on the system by the
MHX-2400, the picosatellites dynamically adjust the
radio’s RF output power as the battery charge level
fluctuates. In the early days of the mission, each
satellite was configured to frequently turn on its radio
subsequently lowering the battery’s average charge
level. Consequently, they were using an RF output
power of 500 mW, half the maximum allowable 1 W.
Although we were able to repeatedly make contact, that
contact was tenuous at best. Since then, we have been
able to optimize the operations of the satellites so that
their batteries operate at nearly full charge levels. This
has allowed them to increase the RF output power of
their radios to the maximum 1 W. Although not directly
measurable, we have noticed a definite increase in the
link margin as evidenced by the amount of data we
have been able to download.

To date, contact has not been established with the tether
deployer satellite, Ted. Based upon the critical battery
state observed in Gadget when contact was first
established and the fact that Ted has less than a third
the solar panels than Gadget, we believe that Ted’s
batteries discharged to critical levels during the first
few days after launch. Since we lacked communications
facilities during this time, we were unable to reprogram
Ted’s operation to turn on its radio only when
necessary. Given the small number of solar panels on
Ted, it is not likely that its battery will recover enough
to allow radio communications. However, Ted’s
programming would have allowed the battery charge
level to drop to about 40% of capacity before
suspending all radio communications. It is very likely
that Ted is still functioning nominally, albeit in a low
battery charge state.
In addition to Ted’s lack of communication, we have
also not been able to make contact with the endbody
picosatellite, Ralph. Ralph was programmed to go into
hibernation just after launch and emerge 19 days later.
Just after the 19-day mark, we focused our
communication efforts on Ralph, but did not detect any
signals from its radio. Because Ralph only had two
solar cells on one face, its operational lifetime would
have only been about two days. Unfortunately, it is very
likely that Ralph’s battery temperature dropped below 0
C and discharged to critical levels during those 19 days,
which means even if it did correctly emerge from
Voronka, et al.

Given the limited access time to the MAST picosatellites and the large amount of data they generate, we
decided to implement a store-and-forward approach to
data collection. This means that other than basic health
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updates, the majority of a communications session
consists of the ground station requesting data and the
satellite sending data. The size of the data package that
we were able to successfully use is directly
representative of the quality of the link. During the first
communications pass, we used a miniscule package size
of 64 bytes. During the early days of the mission when
the satellites had turned down their radio’s RF output
power, the maximum package size we were able to use
was only 256 bytes. After optimizing the satellite’s
operations and enhancing the ground software, we have
been able to use a dynamically adjusted package size
that routinely peaks at 2 kB. From the early days of the
mission to the time of this writing, we have seen the
total data downloaded in a single ~10 minute
communications pass increase from a mere 10 kB to
over 250 kB. Peak download rates during a single
communications pass have been measured at
approximately 15 kbps which is substantially less than
the pre-launch theoretical estimate of 30 kbps.
Although this is far better performance than we had
recently anticipated, it will not be sufficient to support
the 1.5 MB/day data rates needed to accomplish the
planned 14-day inspection of the tether. As a result, the
crawling rate will be scaled to match the achievable
data rates.
Nonetheless, the overall phenomenal
performance
of
the
MAST
experiment’s
communications architecture has allowed us to
download in excess of 2 MB of data in approximately
three weeks of operation.

Figure 9. Picture of the segment of tether passing
through Gadget taken with the tether inspection
camera prior to launch.

Tether Deployment Status
Preliminary analysis of data downloaded from Gadget
indicates that although the satellites have separated, the
restraint/release mechanism did not function properly,
resulting in a very low separation velocity. As a result,
Ted’s momentum would have been insufficient to pull
tether off the deployer spool and thus deployment of the
tether halted almost immediately. The deployed length
of tether is uncertain, but preliminary analysis of
spacecraft
attitude
data
and
high-resolution
observations by Space Command indicate that it is on
the order of just one meter.

Figure 10. Picture of the tether segment inside Gadget
taken with the tether inspection camera 5 minutes
after MAST was released from the PPOD.
CONCLUSIONS
The MAST experiment is a low-cost, class-D mission
intended to obtain in-situ data on the survivability and
dynamics of tethers in the space environment. The
development process resulted in a system composed of
three picosatellites that meet the form factor and mass
limitations of the CubeSat PPOD deployer. The
experiment was successfully delivered into orbit on 17
April 2007.
To date, communications has been
established with the most important of the three
picosatellites, “Gadget,” and the operation of its tether
inspection subsystem has been verified. Initial data
acquired from Gadget indicate that the tether deployer
picosatellite has separated from the other satellites, but
only a very short section of the tether. The experiment
is successfully collecting data useful for validation of
models of tethered spacecraft behavior, but the
collection of useful tether survivability data currently
appears unlikely. These mixed results highlight the

Tether Image Data
The tether inspection system has functioned as
expected. Figure 8 shows a picture of the tether passing
through the dark room enclosure taken as a part of the
final checkout prior to launch. Figure 9 shows a picture
taken by the camera 5 minutes after the PPOD deployer
released MAST. The wide-angle lens used for the
close-up photography causes the curvature of the tether
in both pictures. The post-launch photo shows no
discernible movement or disturbance of the tether.

Voronka, et al.
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risks inherent in conducting a single-string, class-D
mission on an extremely constrained budget. However,
the successful operations of the Gadget spacecraft, the
most complex and capable picosatellite flown to date,
indicate that useful science and technology validation
missions can be performed on the picosatellite scale.
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